Induction of Diabetes in the RIP-B7.1 Mouse Model Is Critically Dependent on TLR3 and MyD88 Pathways and Is Associated With Alterations in the Intestinal Microbiome RIP-B7.1 transgenic mice express B7.1 costimulatory molecules in pancreatic islets and develop diabetes after treatment with polyinosinic: polycytidylic acid (poly I:C), a synthetic doublestranded RNA and agonist of Toll-like receptor (TLR) 3 and retinoic acid-inducible protein I. We used this model to investigate the role of TLR pathways and intestinal microbiota in disease progression. RIP-B7.1 mice homozygous for targeted disruption of TLR9, TLR3, and myeloid differentiation factor-88 (MyD88), and most of the wild-type RIP-B7.1 mice housed under normal conditions remained diabetesfree after poly I:C administration. However, the majority of TLR9-deficient mice and wild-type animals treated with poly I:C and an antibiotic developed disease. In sharp contrast, TLR3-and MyD88-deficient mice were protected from diabetes following the same treatment regimen. Highthroughput DNA sequencing demonstrated that TLR9-deficient mice treated with antibiotics plus poly I:C had higher bacterial diversity compared with disease-resistant mice. Furthermore, principal component analysis suggested that TLR9-deficient mice had distinct gut microbiome compared with the diabetes-resistant mice. Finally, the administration of sulfatrim plus poly I:C to TLR9-deficient mice resulted in alterations in the abundance of gut bacterial communities at the phylum and genus levels. These data imply that the induction of diabetes in the RIP-B7.1 model is critically dependent on TLR3 and MyD88 pathways, and involves modulation of the intestinal microbiota. Type 1 diabetes (T1D) is a proinflammatory autoimmune disease that involves the specific destruction of pancreatic b-cells (1) . The etiology of the disease is incompletely understood; however, epidemiological data and evidence from animal models of T1D implicate microbes in the disease course (2) .
The innate immune system uses pattern-recognition receptors, such as Toll-like receptors (TLRs), nucleotidebinding oligomerization domain (NOD)-like receptors, and retinoic acid-inducible gene-1 (RIG-I)-like receptors, to detect and eradicate microbial infections (3) . Interactions between TLRs and their ligands initiate a series of intracellular signaling events leading to the expression of antimicrobial genes, proinflammatory cytokines, and chemokines, such as type I interferons, interleukin (IL)-1, IL-6, IL-12, and chemokine (C-X-C motif) ligand-10 (3,4). Emerging evidence has implicated the innate immune system and TLR pathways in the mechanism of T1D (reviewed in Chervonsky [5] , Wong and Wen [6] , and Zipris [7] ).
The gut microbiota play a central role in shaping the peripheral and intestinal immune systems in health and disease (5, (8) (9) (10) . The gut microbiome has recently been implicated in chronic proinflammatory disorders, including T1D (11) (12) (13) (14) (15) (16) (17) (18) . A temporal decline in members of the bacterial phyla Firmicutes and an increase in Bacteroidetes has been observed in individuals that are at risk for developing T1D, compared with healthy subjects (13) . Other investigators have shown that intestinal bacteria are associated with T1D in the diabetes-prone BioBreeding rat (19) , the LEW1.WR1 rat model of virusinduced T1D (20) , and the NOD mouse (14, 21) .
The RIP-B7.1 transgenic mouse expresses B7.1 costimulatory molecules under the control of the rat insulin promoter (22) . The administration of double-stranded RNA, a ligand of TLR3 and RIG-like helicases, in these animals results in diabetes via mechanisms that have been hypothesized to involve type I interferon pathways (23) and the upregulation of antigen-presenting cells and T-cell auto-reactivity (24) . In the current study, we used the RIP-B7.1 mouse model of diabetes to investigate the role of TLR pathways and the intestinal microbiota in the mechanism of disease induction. We demonstrate that the TLR3 and myeloid differentiation factor-88 (MyD88) pathways, but not the TLR9 pathway, play a critical role in the mechanism of islet destruction. Furthermore, we provide evidence that alterations in the gut microbiota may be involved in the course of polyinosinic:polycytidylic acid (poly I:C)-induced diabetes in this animal model.
RESEARCH DESIGN AND METHODS

Mice
C57BL/6 mice with pancreatic b-cells expressing B7.1 costimulatory molecules under the rat insulin promoter (RIP-B7.1) were produced as previously described (22) and bred in the University of Colorado animal facility. To generate RIP-B7.1 mice deficient in TLR9, TLR3, or MyD88, RIP-B7.1 mice were bred to homozygosity with C57BL/6 mice deficient in TLR9, TLR3, or MyD88 (25).
The B7.1 transgene expression and/or gene mutation were detected by PCR amplification using genomic DNA isolated from tail snips (22) . All animals were housed in a specific pathogen-free facility and maintained in accordance with the Guide for the Care and Use of Laboratory Animals (published by the National Institutes of Health, NIH publication no. 86-23, revised 1996) and the guidelines of the Institutional Animal Care and Use Committee of the University of Colorado Denver.
TLR Activation, Antibiotic Treatment, Blood Removal, and Serum p40 Measurements
To induce diabetes, mice at 6-8 weeks of age were injected intraperitoneally with 5 mg/g body weight poly I: C (Sigma-Aldrich, St. Louis, MO) on 10 consecutive days. Mice were given normal water or water supplemented with sulfatrim (1 mg/mL sulfamethoxazole plus 0.2 mg/mL trimethoprim; Hi-Tech Pharmacal, Amityville, NY) beginning at birth and continuing for the duration of the experiment. Animals were monitored for disease development for at least 200 days after poly I:C treatment. Blood glucose was measured twice a week, and the mice were considered diabetic after two consecutive blood glucose test results of .250 mg/dL. To investigate the expression of the p40 subunit of IL-12 and IL-23, mice received 5 mg/g body weight of poly I:C or CpG DNA (TriLink BioTechnologies). Blood was collected 6 h after the treatment. Sera were separated from blood cells immediately after blood collection and stored at 280°C until use. The serum level of the p40 subunit of IL-12 and IL-23 was measured using a commercial kit from Life Technologies-Invitrogen (Carlsbad, CA) according to the manufacturer's instructions.
DNA Isolation and Quantitative RT-PCR Analysis for the Detection of Gut Bacteria
The Lactobacillus, Bifidobacterium, Clostridium, and Bacteroides genera were detected in stool DNA by quantitative PCR analysis using previously published primers (26) . Bacterial DNA was recovered from stool using the QIAmp DNA stool mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. DNA concentrations were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE). The data were normalized to the total bacterial DNA in each sample using previously described primers and conditions (26) .
High-Throughput DNA Sequencing for Microbiome Analysis
16S Amplicon Library Construction
Bacterial profiles from the mice were determined by broad-range amplification and sequence analysis of 16S ribosomal RNA (rRNA) genes following our previously described methods (20, 27) . In brief, amplicons were generated using primers that target approximately 300 base pairs of the V4 variable region of the 16S rRNA gene. PCR products were normalized using a SequalPrep kit (Invitrogen), and were pooled, lyophilized, purified, and concentrated using a DNA Clean and Concentrator Kit (Zymo, Irvine, CA). Pooled amplicons was quantified using Qubit Fluorometer 2.0 (Invitrogen). The pool was diluted to 2 nmol/L and denatured with 0.2N NaOH at room temperature. The denatured DNA was diluted to 15 pmol/L and spiked with 25% of the Illumina PhiX control DNA prior to loading the sequencer. Illumina paired-end sequencing was performed on the Miseq platform with version 2.0 of the Miseq Control Software, using a 500-cycle version 2 reagent kit.
Analysis of Illumina Paired-End Reads
Illumina Miseq paired-end sequences were sorted by sample via barcodes in the paired reads with a python script. The sorted, paired reads were assembled using phrap (28) . Assembled sequence ends were trimmed over a moving window of 5 nucleotides until average quality met or exceeded 20. Trimmed sequences with more than one ambiguity or shorter than 200 nucleotides were discarded. Potential chimeras identified with Uchime (usearch6.0.203_i86linux32) (29) using the Schloss and Westcott (30) Silva reference sequences were removed from subsequent analyses. Assembled sequences were aligned and classified with SINA (1.2.11) (31) using the 244,077 bacterial sequences in Silva 111NR (32) , as reference configured to yield the Silva taxonomy. Operational taxonomic units (OTUs) were produced by clustering sequences with identical taxonomic assignments. The software package Explicet (33) was used for display, analysis, and figure generation of results. The median goods coverage score for libraries, a measure of the completeness of sequencing, was $99%, indicating that the depth of sequencing was sufficient to fully describe the biodiversity of the samples.
Bioinformatics and Statistical Analysis
Statistical comparisons of diabetes-free survival among groups were performed using the Kaplan-Meier method. Comparisons between more than two groups were performed using a one-way ANOVA with Bonferroni multiplecomparison test. Comparisons between two groups were performed with the unpaired t test.
Ecological indices of richness (e.g., S obs , S chao ), diversity (e.g., Shannon's diversity [H o ] and evenness [H o / H max ]), and coverage (e.g., Good's index) were calculated with Explicet (33) and compared across groups with an ANOVA. These indices were estimated through bootstrap resampling (1,000 replicates) and rarefaction of the OTU distributions obtained from each specimen. For ease of interpretation, effective number of species was calculated (34) . These values represent the expected number of taxa in an even community. Two-part tests were used to perform pairwise comparisons across groups separately for each OTU (20) . Because of the exploratory nature of this study, P values were not corrected for multiple tests, as we have recently published (20) . To investigate the data multivariately (across genera), a principal component analysis (PCA) was performed using singular value decomposition of the centered data using the prcomp function in R. A small constant (1/total number of sequences) was added to the counts prior to the application of the centered log ratio transformation recommended for compositional data (35, 36) .
RESULTS
Poly I:C-Induced Diabetes in RIP-B7.1 Mice with Disrupted TLR Signaling TLR pathways have been suggested to play a key role in the mechanism leading to diabetes in humans and in an animal model (5, 6, 37, 38) . We sought to test this hypothesis in the C57BL/6 transgenic RIP-B7.1 mouse. Islet b-cells in this mouse express B7.1 molecules, leading to diabetes after intraperitoneal administration of poly I:C (24), which binds TLR3 as well as TLR-independent RNA helicases, such as RIG-I and melanoma differentiationassociated protein-5 (39) . To determine the roles of TLR receptors in diabetes pathogenesis, C57BL/6 mice homozygous for disrupted TLR signaling pathways were bred to RIP-B7.1 mice to homozygosity, resulting in RIP-B7.1 mice deficient in TLR9, TLR3, or MyD88. Mice of 6-8 weeks of age were injected intraperitoneally with 5 mg/g body weight poly I:C on 10 consecutive days and monitored for diabetes for at least 200 days after the last poly I:C injection. The data shown in Fig. 1A demonstrate that only 8% of wild-type RIP-B7.1 mice housed under normal conditions and treated with poly I:C developed disease (n = 12). In addition, none of the mice deficient in TLR9, TLR3, or MyD88 expression developed diabetes after poly I:C administration ( Fig. 1B and data not shown; n = 5-10 per group).
Given the potential role of intestinal bacteria in the development of T1D (14), we investigated the possibility that modulating the gut microbiome with an antibiotic treatment could affect the course of diabetes in the RIP-B7.1 model. To that end, mice were treated with sulfatrim in the drinking water beginning at birth and were injected with 5 mg/g body weight poly I:C at 6-8 weeks of age on 10 consecutive days. In contrast to mice receiving normal water, 90% of the wild-type RIP-B7.1 mice treated with poly I:C plus sulfatrim developed diabetes (n = 10, P = 0.0001 vs. mice receiving normal water). Furthermore, all of the RIP-B7.1 mice deficient in TLR9 developed diabetes after the administration of sulfatrim plus poly I:C ( Fig. 1B ; n = 11, P , 0.0001 vs. mice receiving normal water) with a more rapid disease progression compared with similarly treated RIP-B7.1 wildtype mice (P , 0.01). However, none of the TLR3-or MyD88-deficient RIP-B7.1 mice (n = 9 per group) developed hyperglycemia following the same treatment regimen (P , 0.0001 vs. TLR9-deficient RIP-B7.1 mice). Finally, mice that received sulfatrim in the absence of poly I:C did not develop diabetes (data not shown). Taken together, our observations suggest that TLR3 and MyD88 pathways, but not the TLR9 pathway, are absolutely required for disease development and that intestinal bacteria play a central role in regulating the anti-islet autoimmune process in the RIP-B7.1 model. The data also suggest that the TLR9 pathway may play a regulatory role in disease development. Because we observed that TLR9-deficient RIP-B7.1 mice developed diabetes after sulfatrim treatment, we postulated that disease mechanisms might involve alterations in gut bacterial communities. To test this hypothesis, we used broad-range PCR amplification and sequencing of bacterial 16S rRNA gene V4 variable regions to analyze fecal samples from TLR9-deficient versus TLR3-and MyD88-deficient mice.
Mice were provided 1) normal water, 2) poly I:C only, 3) sulfatrim only, or 4) sulfatrim plus poly I:C (n = 3-10 mice per group). Given the fact that poly I:C, but not lipopolysaccharide (LPS), induces diabetes in TLR9-deficient RIP-B7.1 mice ( Fig. 1 and data not shown) and to better understand the role of the intestinal microbiota in diabetes development in TLR9-deficient animals, we analyzed the effects of LPS and poly I:C on the intestinal microbiota. To that end, groups of mice were treated with LPS or poly I:C on 10 consecutive days, and fecal samples were collected on day 5 after the last injection. of either sex were given normal drinking water or water supplemented with sulfatrim beginning at birth, as indicated. Animals at 6-8 weeks of age were injected intraperitoneally with 5 mg/g body weight poly I:C for 10 consecutive days. The animals were tested for disease development for at least 200 days after the last poly I:C injection. Disease was defined as the presence of plasma glucose concentrations >250 mg/dL (11.1 mmol/L) for 2 consecutive days. Survival was analyzed using the Kaplan-Meier method. Statistical analyses among groups were performed using the log-rank test. KO, knockout; PIC, poly I:C.
We compared between the gut microbiome of diabetessusceptible TLR9-deficient mice treated with a regimen that promotes disease development (sulfatrim plus poly I:C versus a regimen that does not induce diabetes [sulfatrim plus LPS]). We also analyzed the effects of disease promoting regimen on the intestinal microbiota of diabetes-susceptible (TLR9-deficient) versus diabetesresistant (MyD88 and TLR3-deficient) strains. A median of 131,000 sequences (range 60,000 to 334,000 sequences) were obtained for each sample, and overall 158 different bacterial genera were identified (Table 1 and Table 2 and data not shown).
To examine whether diabetes is linked to altered microbiota, we first assessed community diversity by calculating Shannon indices based on the 16S rDNA sequences in each sample. No significant differences in the bacterial diversity were noted between diabetessusceptible and disease-resistant mice that received water only (Fig. 2) . Increased bacterial diversity, however, was observed in TLR9-deficient mice treated with sulfatrim plus poly I:C with a twofold increase in the effective number of genera compared with all other groups (18.2 vs. 9.2, P , 0.01). Using pairwise comparisons, we found that the mean Shannon diversity in TLR9-deficient mice treated with sulfatrim plus poly I:C was significantly higher and slightly increased compared with sulfatrim plus poly I:C-treated TLR3-and MyD88-deficient mice, respectively (P = 0.0002 and P = 0.06, respectively). Finally, a significant difference in diversity was observed in TLR9-deficient mice that received sulfatrim plus poly I:C compared with sulfatrim plus LPS (P , 0.01). These findings suggest that treatment with sulfatrim plus poly I:C alters the composition of the microbiome, resulting in higher bacterial diversity in TLR9-deficient compared with diabetes-resistant mice. We used PCA to identify differences in the distributions of bacterial genera from animals that received treatment with antibiotics and TLR ligands (Fig. 3) . The majority of the TLR9-deficient mice treated with the diabetesinducing agents sulfatrim plus poly I:C and those mice that received water or sulfatrim only, treatment regimens that do not lead to disease onset, clustered together at a position that was distinct from the other mouse strains and had gut microbiota composed of higher levels of Mucispirillum, Leuconostoc, and Lactococcus, and lower abundance of Porphyromonadaceae, Rikenella, Marvinbryantia, and Desulfovibrionaceae. Interestingly, all five TLR9-deficient mice that received sulfatrim plus LPS, a treatment regimen that does not lead to diabetes, clustered together with the diabetes-resistant TLR3-and MyD88-deficient mice, and had reduced levels of Mucispirillum, Leuconostoc, and Lactococcus. These data suggest that poly I:C plus sulfatrim-induced islet destruction may be associated with intestinal microbiota that are distinct from those induced by LPS plus sulfatrim in mice with TLR9 deficiency, or those induced by poly I:C plus sulfatrim in diabetes-resistant TLR3-deficient and MyD88-deficient RIP-B7.1 mice.
TLR9-Deficient Mice Have Alterations in the Abundance of Gut Bacterial Communities
Comparable numbers of genera were detected (i.e., genus richness) in treated compared with untreated animals. Table 1 and Table 2 show that the administration of sulfatrim plus poly I:C induced a significant increase in the relative abundance of the phylum Actinobacteria in TLR9-versus MyD88-deficient mice (4.2 vs. 0.09%, P , 0.05). Within the Actinobacteria, there was a 50-fold increase in the level of the Bifidobacterium genus in mice deficient in TLR9 versus MyD88 (3.37 vs. 0.07, respectively; P , 0.05). No such differences were evident in fecal samples from TLR9-deficient compared with TLR3-and MyD88-deficient RIP-B7.1 mice that received poly I: C without antibiotics (Supplementary Table 1 ). TLR9-deficient mice had reduced abundance of Bacteroidetes compared with MyD88-deficient mice (P , 0.1). Most notable in this bacterial phylum was a reduction in the level of Porphyromonadaceae, RC9-gut-group, and Rikenella seen in TLR9-versus MyD88-deficient mice (P , 0.01 for all bacteria). An increase and a reduction in the abundance of Actinobacteria and Bacteroidetes, respectively, were observed in the stool from TLR9-versus TLR3-deficient mice after the administration of sulfatrim plus poly I:C; however, these differences did not reach a statistically significant level, probably due to the smaller number of animals included in the TLR3-deficient mouse group.
To further investigate the potential role of the intestinal microbiome in disease development, we compared the gut microbiome in mice given sulfatrim plus poly I:C versus sulfatrim plus LPS. The latter treatment regimen does not induce diabetes (24) (data not shown). Table 1 indicates that TLR9-deficient mice administered sulfatrim plus LPS had 40-to 50-fold lower levels of the Bifidobacterium genus and Cyanobacteria phylum, most notably in the 4C0-d2 genus (P , 0.05 vs. sulfatrim plus poly I:C). Furthermore, a reduction and an increase in the abundance of Firmicutes and Bacteroidetes, respectively, were found in mice injected with LPS compared with poly I:C. Together, the data lend further support to the hypothesis that disease induction is associated with altered gut bacterial composition in TLR9-deficient mice.
Validation of High-Throughput Sequencing Data
We used quantitative PCR to validate the high-throughput sequencing data and to further investigate the intestinal microbiome at the genus level. Animals were given sulfatrim only (n = 4-8) or sulfatrim plus poly I:C (n = 5-8) for 10 consecutive days. We evaluated the abundance of the bacterial genera Bifidobacterium, Clostridium, Lactobacillus, The LPS data from the TLR3-and MyD88-deficient RIP-B7.1 mice were also included for reference but were excluded from statistical analysis. and Bacteroides in fecal samples from mice on day 5 after the last poly I:C injection. Data shown in Fig. 4A confirm and further extend the high-throughput data, indicating that treating TLR9-deficient but not TLR3-and MyD88-deficient mice with sulfatrim plus poly I:C leads to a significant increase in the levels of Bifidobacterium and Lactobacillus compared with mice that received sulfatrim only (P , 0.001 and P , 0.05, respectively). Giving sulfatrim plus poly I:C did not modulate the abundance of Bacteroides and Clostridium in all mouse strains (Fig. 4A) . Furthermore, samples from all the mice that received sulfatrim alone had a similar abundance of Bifidobacterium, Bacteroides, and Lactobacillus (Fig. 4A) . Only the level of Clostridium was higher in MyD88-deficient compared with TLR9-and TLR3-deficient mice. Similar to the high-throughput sequencing data, mice lacking TLR9 had increased levels of Bifidobacterium compared with TLR3-and MyD88-deficient mice after the administration of sulfatrim plus poly I:C ( Fig. 4B ; P , 0.001). The levels of Lactobacillus and Clostridium were also increased in TLR9-deficient compared with TLR3-or MyD88-deficient mice (P , 0.01 and P , 0.05, respectively). In accordance with the highthroughput data, mice with disrupted MyD88 signaling had an increased abundance of Bacteroides. A similar trend toward reduced levels of Bacteroides was observed in TLR9-versus TLR3-deficient mice, but this difference did not reach a statistically significant level. In contrast to mice treated with sulfatrim plus poly I:C, the administration of poly I:C alone (without antibiotic treatment) had an increase and a reduction in the levels of Bacteroides and Bifidobacterium, respectively (Supplementary Table 1 ). Together, the data validate the trends of changes in the intestinal microbiome detected using the high-throughput approach and lend further support to the hypothesis that alterations in bacterial communities in TLR9-deficient mice may be linked with disease mechanisms. f Median values. *P , 0.05, **P , 0.1, ***P , 0.01, TLR9-deficient mice treated with sulfatrim plus PIC vs. MyD88-deficient mice treated with sulfatrim plus PIC.
Poly I:C-Induced Serum IL-12/IL-23 p40 in RIP-B7.1 Mice With Disrupted TLR Pathways
We hypothesized that altered cytokine production could be involved in the mechanism leading to diabetes in TLR9-deficient mice. To test this hypothesis, animals were fed with sulfatrim and were intraperitoneally injected with 5 mg/g body weight poly I:C or CpG DNA (n = 3 per group). Peripheral blood was collected 6 h after the treatment, and the serum levels of the p40 subunit of IL-12 and IL-23 was assessed using an ELISA. Data presented in Fig. 5A demonstrate that poly I:C administration led to a significant increase in the p40 level in sera from TLR9-deficient mice compared with control untreated animals (P , 0.001). Poly I:C injection led to increased p40 levels in TLR3-and MyD88-deficient RIP-B7.1 mice compared with the untreated control; however, these differences did not reach a statistically significant level. Furthermore, the level of poly I:Cinduced p40 was substantially greater in sera from TLR9-deficient versus TLR3-and MyD88-deficient animals Figure 2 -Shannon bacterial diversity in treated vs. untreated mice. The distribution of Shannon indices across animal groups is displayed using box plots. Animals with disrupted TLR signaling received water only or sulfatrim or were treated with sulfatrim plus PIC or sulfatrim plus LPS, as indicated. The area inside the box represents the interquartile range; the median and the mean are denoted by a line and a diamond, respectively. The whiskers extend 1.5 interquartile range from the box, the observations outside of this range are displayed as points. PIC, poly I:C. *P = 0.0002 vs. sulfatrim plus PIC-treated TLR3-deficient mice.
(P , 0.001 vs. TLR3 and MyD88). In contrast to poly I:C administration, the injection of CpG DNA led to a significant increase in the level of the p40 subunit in TLR3-deficient mice (P , 0.001 vs. untreated controls); however, as expected, animals with disrupted TLR9 and MyD88 signaling failed to respond to CpG DNA (Fig. 5B) . Our data indicate that the mechanism of diabetes induction in diabetes-susceptible TLR9-deficient mice may be, at least partially, linked with increased IL-12 or IL-23 production compared with diabetes-resistant TLR3-and MyD88-deficient mice.
DISCUSSION
We have used the RIP-B7.1 mouse model to identify the role of TLR pathways and the gut microbiome in the mechanism leading to diabetes. Our observations suggest that, as expected, the TLR3 pathway plays a critical in the development of poly I:C-induced islet destruction in this mouse; however, activating TLR3 pathways with poly I:C was not sufficient to trigger diabetes. Rather, disrupting the expression of MyD88, which is not involved in mediating poly I:C signaling, also blocked disease induction, suggesting that TLRs other than TLR3 may be linked with the disease course.
Consistent with previously reported findings (14), our data implicate intestinal bacteria in the mechanism protecting the RIP-B7.1 model from disease development. Wen et al. (14) reported that MyD88-deficient NOD mice housed under specific pathogen-free conditions did not develop diabetes. In both the NOD and RIP-B7.1 mice, disease prevention is dependent on the presence of commensal microbes, since housing these mice in a germ-free environment or treating them with sulfatrim (plus poly I:C) resulted in islet destruction (14, 27 , and this article).
The data imply that TLR pathways have different roles in the NOD versus the RIP-B7.1 mouse model of diabetes. Unlike the NOD mouse, in which disease induction appears to be MyD88-independent (14), MyD88 (and TLR3) signaling pathways play a critical role in islet destruction in the RIP-B7.1 model. The role of MyD88 in disease induction in the RIP-B7.1 mouse model is currently unclear. One explanation is that MyD88 may be involved in sensing tissue damage induced by poly I:C in pancreatic islets or other organs, leading to inflammation and activation of antigen-presenting cells (24) . One other difference between the NOD and RIP-B7.1 mouse models is that in contrast to the former model, disease induction in the RIP-B7.1 mouse is TLR9-independent (40). The differences in the roles of TLR pathways in diabetes in these models may be associated with differences related to the mouse strains and mechanisms involved in islet destruction.
Our observations indicate that TLR9-deficient mice had a different intestinal microbiome than that of diabetes-resistant mice. This is based on several lines of evidence. First, we found that administering sulfatrim plus poly I:C to TLR9-deficient mice resulted in gut microbiota with higher bacterial diversity compared with TLR3-and MyD88-deficient mice. Second, PCA of the intestinal microbiome indicated that TLR9-deficient mice either untreated or administered sulfatrim plus poly I:C clustered separately from diabetes-resistant mice. In addition, mice lacking TLR9 expression that received sulfatrim plus LPS clustered in the same position as diabetes-resistant TLR3-and MyD88-deficient mice. Third, sulfatrim plus poly I:C modulated the relative abundances of bacteria at the phylum and genus levels. For example, treatment with sulfatrim plus poly I:C led to increased levels of the Actinobacteria phylum and Bifidobacterium, Lactobacillus, and Clostridium genera in TLR9-deficient versus disease-resistant mice.
The finding that sulfatrim plus poly I:C-induced diabetes could be associated with an increase and decrease in the abundance of Bifidobacterium and Bacteroides, respectively, is in contrast to recent human data, implying that a decrease and an increase in Bifidobacterium and Bacteroides, respectively, are linked with islet Statistical analyses were performed using ANOVA with Bonferroni multiple-comparison adjustments. *P < 0.001; **P < 0.01; ***P < 0.05. autoimmunity (13, 41) . However, our observations are compatible with our published data from the LEW1.WR1 rat model that virus-induced T1D is associated with an increased abundance of Bifidobacterium (20) . Whether and how the altered gut microbiomes identified in genetically susceptible humans or animals are directly linked with T1D are currently unclear. In any case, we suggest that the differences in the potentially diseasepromoting bacteria between humans, mice, and rats could be related to the inherent differences between the human and rodent immune systems. They could also be linked with the different timing of the intestinal microbiome analyses with respect to disease onset and progression. Our animal studies were performed early in the course of diabetes, shortly after the administration of the disease trigger, whereas the human studies were performed in samples obtained at a relatively late disease stage after seroconversion.
In contrast to the disease-promoting roles of TLR3 and MyD88 pathways, our results suggest that TLR9 may be involved in mechanisms that attenuate diabetes via an unknown and potentially complex mechanism of action. In light of the important role that gut bacteria play in regulating diabetes in the RIP-B7.1 mouse, it could be that the intestinal microbiome of the wild-type animal confers more resistance to diabetes. We are unable to test this hypothesis because wild-type RIP-B7.1 mice are currently unavailable to us.
Why and how poly I:C triggers diabetes in TLR9-deficient but not MyD88-and TLR3-deficient mice are unclear. One possibility is that poly I:C shifts the balance from anti-inflammatory to proinflammatory gut bacterial composition in mice with disrupted TLR9 signaling. For example, we observed that TLR9-deficient mice had a reduction in the abundance of Bacteroides. This effect could theoretically promote a proinflammatory environment, because Bacteroides can enhance regulatory T cells and anti-inflammatory cytokine production (42, 43) . Furthermore, Bacteroides can inhibit the activation of the nuclear factor-kB pathway, which is involved in the induction of proinflammatory gene expression (42) . We found that among Bacteroidetes, the level of the bacterial family Porphyromonadaceae was increased in diabetesresistant mice. It is interesting to note that the Porphyromonadaceae sequences were also present at greater abundances in healthy human subjects than in individuals who progressed to T1D (13) . Consistent with the possibility that reduced levels of Bacteroides may promote proinflammatory responses, we found that higher levels of the p40 subunit of IL-12 and IL-23 were present in the blood from TLR9-versus diabetes-resistant mice shortly after poly I:C administration. It could be that the increase in the level of IL-12 or IL-23 after TLR3 ligation is at least part of the mechanism leading to islet destruction in TLR9-deficient RIP-B7.1 mice. Adding to the complexity, in addition to their immunosuppressive ability, some members of the Bacteroides can deliver proinflammatory signals in humans and mice (44) . Treatment with sulfatrim and poly I:C also resulted in an increased abundance of Bifidobacterium and Lactobacillus in TLR9-deficient mice. Many Bifidobacterium and Lactobacillus strains are known for their anti-inflammatory capability, whereas other bacteria can promote the secretion of proinflammatory cytokines (45) (46) (47) .
Our data imply that disease development may be linked with altered TLR pathways and gut bacterial communities. How disruption of TLR signaling results in altered gut microbiota in the RIP-B7.1 model is unclear. It was hypothesized that TLR interactions with the commensal microbiota can shape the gut bacterial composition via as-yet-unknown mechanisms (reviewed in Kubinak and Round [48] ). Alterations in TLR pathways can prevent certain microorganisms from residing within the intestine. For example, MyD88-deficient mice have a significant increase in the relative abundance of segmented filamentous bacteria in the gut (49) . Segmented filamentous bacteria play a fundamental role in the maturation of intestinal T-cell responses (50) and have Groups of mice were administered sulfatrim in drinking water beginning at birth (n = 3 per group). Mice were left untreated or were injected with 5 mg/g body weight poly I:C (A) or CpG DNA (B) at 6-8 weeks of age, as indicated. Peripheral blood was collected 6 h after the injection, and serum p40 levels were determined by ELISA. Statistical comparisons were performed using ANOVA with the Bonferroni multiple-comparison test. Bars represent the mean 6 SD. *P < 0.001.
been recently implicated in disease prevention in the NOD mouse model (21) . Our observations suggest that disease induction in the RIP-B7.1 model may involve interfering with at least two immune pathways. One could be linked with poly I:C-induced activation of the innate immune system triggering the autoimmune attack against pancreatic islets, whereas the other could involve downmodulation of regulatory mechanisms mediated by the intestinal microbiota.
Our data lend support to the hypothesis that the mechanism of sulfatrim and poly I:C-induced islet destruction is dependent on alterations in gut bacterial communities; however, the interpretation of the data should be constrained by the fact that we have not yet established a causal relationship between specific bacteria and disease prevention or induction. Ongoing experiments in our laboratory are designed to identify bacteria that can downmodulate the proinflammatory process, leading to disease onset. It could, however, be that at least part of the mechanism leading to changes in the intestinal microbiota detected after sulfatrim and poly I: C administration are a consequence of the ongoing antiislet autoimmune process initiated by the treatment regimen. How poly I:C alters commensal bacteria in the gut and how these alterations lead to disease onset requires further investigation.
In conclusion, our data show that TLR3, MyD88, and gut bacteria are critical components in the mechanism leading to poly I:C-induced diabetes in the RIP-B7.1 model. A better understanding of the cross-talk between the innate immune system and gut microbiota early in the disease course could lead to interventions aimed at restoring healthy gut microbial content to prevent islet cell destruction. 
